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1 Introduction 
 
Perennial forage grasses currently used in Finland have not yet been thoroughly 
tested for their capability to adapt to the warmer climate conditions in the future 
that are predicted by climate change models. It is also not known which traits are 
the most important for the adaptation.  
 
Crop production occurs at higher latitudes in Finland than anywhere else in the 
world. In Sweden, for example, 90% of cultivation takes place at more southern 
latitudes than in Finland (Peltonen-Sainio et al. 2009). Nevertheless, northern 
regions have been considered as having potential to play an increasingly 
important role in European agricultural production in the future because the 
effects of climate change are predicted to be more positive in northern than in 
southern Europe (Olesen and Bindi 2002). 
 
Finland’s mild and moderately rainy climate is well suited for forage production. 
Forage grasses covered 28.9% of the cultivated land area (2 285 000 ha) in 2012, 
the majority of which (20.6%) is used for intensive grass silage production (Tike 
2013). Areas of hay production, pastures, seed production and green fodder were 
4.2%, 3.2%, 0.4% and 0.4%, respectively. The proportion of pasture land is low 
compared to southern areas of Europe. In addition, in many more southerly areas 
of Europe silage is often produced from maize (Zea mays subsp. mays L), which 
is not grown in Finland. The total fallow area, including fallows, nature 
management fields and grasses used for green manure, was 11.7%. The total 
area of grassland crops has remained relatively stable over the last two decades, 
although the proportion of the area used to produce silage has increased and the 
proportions of hay and pasture areas have decreased. The Finnish dairy 
production relies on local production of forage grass, and markets for silage do 
not exist. 
 
Regionally tailored adaptation strategies for climate change may be necessary in 
the future because spontaneous adaptation, for example adoption of new 
cultivars and species through farmers’ own decisions, has its limitations (Olesen 
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et al. 2011). As a solution for the adaptation of forage grass production to climate 
change, Rognli (2013) requested that there should be an increase in the genetic 
variation of locally adapted species like timothy (Phleum pratense L.) and 
breeding for improved adaptation in species like perennial ryegrass (Lolium 
perenne L.).  
 
The length of the growing-season is predicted to increase and autumns to 
become warmer in the future (Ruosteenoja et al. 2010). Also, the hardening 
period has been predicted to take place later in the autumn (Höglind et al. 2013). 
The combination of good winter hardiness and effective use of an extended 
growing season are traits that are not present in cultivars that are currently used 
in northern latitude countries (Rognli 2013). The most winter-hardy species like 
timothy cannot use warm autumns effectively because they stop growing earlier 
than southern species like perennial ryegrass. 
 
Successful cold acclimation and vernalisation are crucial for overwintering and 
for good regrowth in the spring. Vernalisation means the acquisition of flowering 
ability during the autumn in the forage grasses. The first step in the preparation 
of forage grasses for overwintering is the cessation of growth in the autumn. 
During the autumn plants also accumulate the storage carbohydrates and 
undergo many other physiological changes. The single most important cause of 
freezing damage is cell desiccation due to ice formation in the extracellular space 
(Bertrand & Castonguay 2003a). 
 
Breeding for good winter tolerance has been the main goal in the breeding 
programmes of forage grasses for northern conditions. The goals of breeding 
may change in the future as winters get warmer, but the traits that affect the 
adaptation are still not well known. The species composition of forage grass leys 
in Finland may change in the future due to the predicted milder winters. The aim 
of this study is to inspect differences in the overwintering performance of different 
grass species in southern Finland based on field trials conducted in Helsinki 
between years 2009 and 2013. Special emphasis was on the understanding of 
the relationship between vernalisation and freezing tolerance in forage grasses. 
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2 Forage grasses and climate change 
 
2.1 Forage grasses in Finland 
 
Timothy is by far the most common grass species grown in Finland. It is used in 
forage grass mixtures together with other grasses such as meadow fescue 
(Festuca pratensis Huds.) and with forage legumes like red clover (Trifolium 
pratense L.). Timothy has good winter hardiness and it is persistent in forage 
grass leys even in the northernmost cultivation area in Finland. In official field 
trials winter damage values for timothy have been less than 10%, excluding the 
northernmost cultivation zone where winter damage values have been around 
10–20% for most cultivars (Kangas et al. 2012b). For comparison, winter rye and 
winter wheat have suffered winter damage of 20–30% in southern Finland 
(Kangas et al. 2012b). In general, timothy cultivars can be divided into northern 
and southern types (Isolahti 2010). Southern types have better regrowth ability 
after cutting and weaker winter hardiness, whereas northern types have a poorer 
regrowth and a better overwintering capability (Isolahti 2010). Many cultivars 
have both southern and northern traits. In official field trials a southern-type 
cultivar Grindstad has produced the highest total dry matter yields and has still 
managed to overwinter successfully, even in the northernmost cultivation zone 
with winter damage values of 20% (Kangas et al. 2012b). 
 
Meadow fescue and tall fescue (Festuca arundinaceae Shreb.) are also well 
adapted for cultivation in Finland. Meadow fescue is often used due to it having 
better regrowth ability than timothy. Cultivation of tall fescue has increased, 
mostly at the expense of meadow fescue, in the last few years due to its better 
drought tolerance and regrowth ability and its higher yield as shown in field trials 
(Kangas et al. 2012a). There are challenges in management practices with tall 
fescue, however, such as timing of the optimal harvest in mixtures. 
 
Perennial ryegrass is an important forage grass in warm temperate zones but it 
suffers from substantial winter damage. Two cultivars, Riikka and Svea, have 
been studied in official field trials and their winter damage values have been 
around 10–20% in southern Finland (Kangas et al. 2012b). Perennial ryegrass is 
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especially susceptible to damage caused by ice encasement and moulds 
(Kangas et al. 2012a). Therefore, yields of perennial ryegrass often decline 
substantially in three-year-old leys due to extensive winter damage. Annual Italian 
ryegrass (Lolium multiflorum Lam.) is rarely used in Finland, although it can be 
used as an annual monoculture which gives a usable forage yield till late autumn 
due its annual growth habit. 
 
Festulolium is a hybrid between either meadow or tall fescue and perennial or 
annual ryegrass. The two festulolium cultivars that have been tested in official 
field trials in Finland have suffered extensive winter damage in two northernmost 
cultivation zones and thus its cultivation has been recommended only for 
southern and mid Finland (Kangas et al. 2012b). 
 
Timothy has traditionally been cut two times during the growth period in Finland, 
and it has not benefited from a three-cut strategy like meadow and tall fescue and 
festulolium (Kangas et al. 2012b). Differences in the yield increases can partially 
be explained with different growth habits because timothy’s regrowth occurs 
through basal buds whereas the fescues and ryegrass regrow from small 
vegetative tillers. These different regrowth strategies, and thus different cutting 
strategies, need to be taken into account when mixtures are chosen. Late autumn 
cutting can have an effect on the success of winter hardening of forage grasses 
and, therefore, the latest recommended cutting time is four to five weeks before 
the end of the growth period or after the growth has ended. Farming practices 
should always be timed so that the cold-acclimation processes can proceed 
successfully. 
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2.2 Overwintering 
 
2.2.1 The freezing tolerance of forage grasses 
 
Successful cold acclimation which leads to improved freezing tolerance and 
accumulation of reserve carbohydrates is crucial for winter survival. The 
overwintering parts of forage grasses are protected from freezing, for example by 
breaking down storage carbohydrates and lowering the osmolarity of cells. In 
addition, the overwintering parts are near or at ground level, where even a little 
snow cover provides protection from freezing damage. Temperature fluctuations 
are much lower in the soil than in the air and therefore plants are not exposed to 
an equally severe temperature stress at ground level, especially when snow 
cover is present. For example, timothy forms overwintering bulb-like structures at 
the base of the tillers at ground level. Tillering in timothy occurs through the buds 
on these bulb-like structures. 
  
Acclimation to cold starts in plants with growth cessation in the autumn and with 
reserve carbohydrate and dry matter accumulation which lead to removal of water 
from the intracellular space (Bertrand & Castonguay 2003a). During freezing 
stress, water is drawn from the intracellular space to the extracellular space 
where ice crystals form. However, if the freezing stress is too severe or lasts too 
long, excessive dehydration occurs and cell collapse occurs (Pearce et al. 2001). 
Partially dehydrated tissues, for example seeds, are usually the most-tolerant 
tissues to freezing temperatures because the amount of freezing water that 
causes damage is limited. Dehydration of cells can result in the concentration of 
solutes in the cell sap becoming too high, which results in problems in 
metabolism. Before this potentially fatal situation is reached, the exposure to low 
temperatures generally increases the cells’ tolerance to the stress due to 
concentrated cell solutes (Andrews 1987). 
 
The freezing tolerance of plants can be measured by exposing them artificially to 
a series of low temperatures, and then observing the temperature at which 50% 
of the plants are killed. This is done by using viability experiments where plants 
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are grown in a greenhouse and the viability of the tillers is observed visually 
(Larsen 1978). The viabilities at different temperatures can be used to calculate 
the LT50 value. Measurements are done by exposing the plants to freezing 
temperatures for a short time; therefore, the LT50 values cannot be thought of as 
absolute freezing tolerance temperatures in field conditions, where the exposure 
to freezing temperatures can occur for considerably longer periods (Gusta et al. 
2003). However, they can be used to compare the genotypic differences in 
freezing tolerance (Fowler et al. 1981). 
 
2.2.2 Cold acclimation on a cellular level 
 
Cold acclimation (hardening) is a process where low but non-freezing 
temperatures and short day length induce plants to undergo several biological 
changes in order to achieve the required frost tolerance (Sakai and Larcher 
1987). Temperatures inducing cold acclimation are typically between 0 and 10 °C. 
These biological changes include changes in non-structural sugar contents, 
changes in the photosynthetic machinery and accumulation and degradation of 
proteins (Sandve et al. 2011). Increased photoinhibition, accumulation of anti-
freeze proteins and fructan synthesis are the main factors in cold acclimation 
processes (Krause 1988, Sandve et al. 2011). The maintenance of membrane 
functions at low temperatures is also crucial for overwintering plants, and 
therefore plants have developed mechanisms like alteration of lipid composition 
in the cell membranes (Bertrand & Castonguay 2003a). 
 
Photoinhibition is a situation where the energy demand of light-independent 
reactions is exceeded by light energy absorbed in the photosynthetic processes, 
which leads to destruction of the photosynthetic apparatus or production of 
deleterious reactive oxygen species (Krause 1988).  Plants differ in their ability to 
tolerate cold-induced photoinhibition. A relationship between tolerance to cold-
induced photoinhibition and freezing tolerance in winter wheat and winter rye has 
been found (Huner et al. 1993).  
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The formation of anti-freeze proteins, especially ice re-crystallisation inhibition 
proteins (IRIPs), is thought to be an important part in avoiding the damage done 
by apoplastic ice crystal formation (Griffith et al. 2005). IRIP proteins induce the 
formation of small ice crystals instead of the normal large ice crystals which draw 
water from the symplast more efficiently. Meadow fescue’s IRIP genes 
transferred to Arabidopsis have been shown to have an effect on freezing 
tolerance and cell membrane stability, which supports the evidence for the 
importance of anti-freeze proteins in overwintering temperate grasses (Zhang et 
al. 2010). Direct and detailed studies of their importance in the development of 
freezing tolerance in forage grasses are still missing, however. 
 
Fructans, soluble fructosyloligosaccharides, are carbohydrate storage molecules 
which have a role in freezing and low temperature stress tolerance (Vijn & 
Smeekens 1999, Livingston et al. 2009).  Breakdown of fructans decreases the 
osmotic potential of cells and decreases the freezing point, and thus decreases 
the amount of freezing water. Hisano et al. (2004) have also shown that fructans 
stabilize cell membranes and thus improve freezing tolerance in perennial 
ryegrass. Forage grasses adapted to warmer climate usually accumulate starch 
in chloroplasts, and those adapted to cold winter conditions accumulate large 
amounts of fructans in vacuoles (Pollock 1991). In timothy and perennial ryegrass 
non-structural carbohydrate accumulation differs depending on the plant’s 
developmental stage and genetics (Østrem et al. 2011). Isolahti et al. 2004 did 
not find a correlation between fructan content and LT50 values in timothy, but due 
to the breakdown of fructans there was a significant positive correlation between 
total carbohydrate content and the total non-structural carbohydrate content. 
  
2.2.3 The dynamics of hardening and dehardening 
 
Temperate grasses and winter cereals cold acclimate during the autumn to resist 
the physical and physiological stresses that occur during the winter. Freezing, 
fluctuating temperatures, duration of snow cover, ice encasement and 
waterlogging are all factors that affect the winter survival of forage grasses and 
winter cereals (Bertrand et al. 2003b). The plant’s ability to resist these stresses 
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is affected by the conditions and the length of the hardening period prior to winter 
(Hofgaard et al. 2003, Jørgensen et al. 2010, Rognli 2013). 
  
The LT50 value means the temperature that is lethal to 50% of the plants in 
controlled freezing tests. The freezing tolerance of plants is a dynamic trait that 
fluctuates together with the ambient temperature, but the magnitude of the 
response is cultivar and species dependent (Bergjord et al. 2008, Jørgensen et 
al. 2010). Hulke et al. (2008) studied perennial ryegrass and found a close 
association between cultivars' winter survival in the field and the freezing 
tolerances of plants hardened in controlled conditions. Therefore, they proposed 
that freezing tolerance can be a useful measure for a cultivar’s true 
winterhardiness in field conditions when there is little stress. Strong correlation 
between freezing tolerance and field survival has also been found for winter 
wheat (Fowler et al. 1981). The observed maximum freezing tolerances (lowest 
LT50 values) often vary considerably between experiments (Table 1). 
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Table 1. LT50 values of forage grasses in different experiments. 
 
Location Species (cultivar), LT50 Description Cited 
author 
Finland Timothy (25 genotypes) 
  -13.8 to -21.8 °C  
  (mean 18.1 °C) 
 
 
Plants were grown and 
hardened in controlled 
conditions. Freezing tests 
done in cold bath. 
(Isolahti et 
al. 2004) 
Finland (Viikki) Timothy (1993) 
cv. Bilbo 
  -9.9 
cv. Iki 
  -12.2 
 
Plants were grown and 
hardened in pots in field 
conditions. Freezing tests 
done in cold bath. 
(Kananen 
1996) 
Norway (Holt)  Timothy 
cv. Engmo 
<-26.0 (2005–2006) 
  -26.0 (2006–2007) 
cv. Grindstad 
  -20.0 (2005–2006) 
  -19.7 (2006–2007) 
 
Perennial ryegrass  
cv. Riikka 
  -13.2 (2005–2006) 
cv. Gunne 
  -11.2 (2005–2006) 
 
Plants were grown and 
hardened in field 
conditions. Freezing tests 
done in programmable 
freezer and with tillers in 
moist sand. 
(Jørgensen 
et al. 2010) 
Norway 
(Særheim) 
Timothy (mean of 2 
cultivars) 
  -19.9 (2005–2006) 
  -17.6 (2006–2007) 
 
Perennial ryegrass (mean 
of 2 cultivars) 
  -12.2 (2005–2006) 
  -9.8 (2006–2007) 
 
Plants were grown and 
hardened in pots in field 
conditions. 
(Höglind et 
al. 2008) 
US Perennial ryegrass (21 
genotypes) 
  -10.3 to -14.0 °C 
 
Plants grown and 
hardened in controlled 
conditions. Significant 
correlation was found 
between LT50 and tiller 
survival in the field. 
Freezing tests done in 
programmable freezing 
chamber and with tillers in 
growing medium. 
(Hulke et al. 
2008) 
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Dehardening (de-acclimation) is a process which initiates when plants experience 
a sufficiently long and warm period during or after winter and therefore restore 
their ability to start growing (Thorsen et al. 2010a). Overall, dehardening and 
rehardening are complex processes affected by factors such as carbohydrate 
storages and metabolism, water availability, ambient temperature, photoperiod, 
growth and development and the dormancy state of the plant (Kalberer et al. 
2006).  Dehardening can be either reversible or irreversible. The elongation of 
tillers due to a high temperature, day length or fulfilment of vernalisation 
requirement results in irreversible dehardening (Olesen et al. 2011). 
 
The rehardening ability of plants is thought to be an alternative or at least a 
supplementary strategy for frost injury avoidance during the fluctuating freeze-
thaw cycles (Kalberer et al. 2007). The rehardening ability of timothy declines 
during the winter towards the spring (Thorsen et al. 2010a). Timothy is known to 
be more resistant to dehardening under ice than perennial ryegrass (Höglind et 
al. 2010). 
 
2.2.4 Winter damage 
 
Biotic stress factors such as snow mould pathogens are the most important 
causes of winter damage for forage grasses in the inland regions of northern 
Europe, whereas in coastal areas winter damage is mainly caused by frost and 
ice cover (Höglind et al. 2013). 
 
Ice encasement is a problem in conditions where repeated freeze-thaw cycles 
form an ice layer on the ground. Solid ice sheets can cause near anoxic 
conditions in the soil due to their almost total impermeability to gas diffusion and 
can thus be even more deleterious to the plants than waterlogged soils (Höglind 
et al. 2010). The texture of the ice may also increase survival of the plants if it 
has enough pores or air passages to inhibit the formation of anoxic conditions 
(Andrews 1987). Ice encasement tolerance correlates linearly with freezing 
tolerance in timothy and perennial ryegrass (Höglind et al. 2010). Plants can also 
suffer damage due to capillary formation of ice in the uppermost few centimetres 
of the soil, a process which raises plants and breaks the roots. 
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Plants that have evolved to overwinter under near anoxic conditions under ice 
sheets or in waterlogged soils have an ability to reduce or at least maintain a 
stable glycolytic rate during the period of oxygen shortage (Bertrand et al. 2003b). 
Timothy is categorized among one of the most ice-encasement tolerant species 
and perennial ryegrass among one of the least tolerant forage grass species in 
this regard (Höglind et al. 2010). Timothy maintains high amounts of 
carbohydrates in anoxic conditions (Bertrand et al. 2003b). Winter wheat and 
some temperate grass species have been shown to carry out photosynthesis in 
ice encasement and sub-zero temperatures, which may also affect the declining 
rate of frost tolerance (Andrews 1989). The minimum temperature at which 
photosynthesis has been shown to occur is -4 °C in perennial ryegrass and tall 
fescue, and many other pasture grass species, and the minimum photosynthetic 
CO2 uptake temperature does not seem to differ much between the species 
(Skinner 2007, Höglind et al. 2011). 
 
2.2.5 Vernalisation 
 
Vernalisation is a process where plants obtain their flowering ability during 
exposure to cold but non-lethal temperatures. Overwintering temperate cereals, 
like winter wheat and winter rye, require vernalisation before they can initiate 
flowering (Chouard 1960). Some forage grass species, like meadow fescue and 
perennial ryegrass, also require vernalisation to initiate flowering (Heide 1994, 
Fowler et al. 1999). Timothy does not have an obligatory vernalisation 
requirement like winter cereals (Heide 1994), but the formation of generative 
tillers initiates earlier in vernalised than in non-vernalised plants (Seppänen et al. 
2010). In winter wheat there is a link between hardening and vernalisation time; 
non-vernalised plants harden at a faster rate than vernalised plants (Fowler et al. 
1999). In the course of vernalisation time to flowering, i.e. heading date (HD) gets 
shorter and final leaf number (FLN) lower as the transition from vegetative to 
generative stage progresses (Mahfoozi et al. 2001). When the decrease in FLN 
after different vernalisation time is levelled off, vernalisation requirement is 
thought to be fulfilled. The FLN of the main stem measures when the main tiller’s 
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apex has changed from vegetative to generative form, based on the assumption 
that leaves are produces on a linear rate. The effects of day length and 
temperature on the final leaf number have been well studied in wheat (Baker and 
Gallagher 1983, Mahfoozi et al. 2001). In winter cereals the photoperiod 
sensitivity of plants does not affect the timing of vernalisation saturation (Mahfoozi 
et al. 2001). However, in short day sensitive wheat, short day length extends the 
acclimation period and improves the freezing tolerance (Mahfoozi et al. 2001). 
 
Vernalisation of perennial forage grasses and winter cereals can have a great 
impact on the canopy structure and tiller composition in some species during the 
spring growth, especially timothy (Seppänen et al. 2010, Virkajärvi et al. 2012). 
The vernalisation time of timothy seems to have an optimum, after which the 
extended exposure to vernalising conditions results in a decrease in the number 
of generative tillers (Seppänen et al. 2010). Although vernalisation often occurs 
simultaneously with low temperature induced cold acclimation, it has been shown 
that there exist distinct pathways which control these two processes, at least in 
Arabidopsis (Bond et al. 2011). 
 
2.3 Climate change 
 
2.3.1 Climate change and changes in growing conditions in the future 
 
Climate is warming globally and over the period of 1880–2012 the global 
combined land and ocean surface temperatures have increased by 0.85 °C (IPCC 
2013) and at high latitudes the temperatures are expected to rise more than 
anywhere else (IPCC 2013). In the last two decades the climate has been 
warming at a faster pace than ever before in the period for which there is accurate 
measurement history (IPCC 2013). The thermal winter will likely cease to exist in 
the southernmost Finland by the end of this century and the temperature 
conditions will resemble those currently occurring in central Europe (Ruosteenoja 
et al. 2010). The winters in northern Finland will become similar to those currently 
experienced in southern Finland (Ruosteenoja et al. 2010). The thermal winter 
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will also shorten more rapidly than the rate at which the thermal summer will 
lengthen (Ruosteenoja et al. 2010). 
 
Under high emission scenarios, a large decrease in the length of snow covered 
period from 1960–1990 to 2050 is predicted for southern Finland (Jokioinen): 
from 142 to 46 (decrease of 96 days) snow covered days (Höglind et al 2013). In 
northern Finland (Rovaniemi) the change is predicted to be much smaller: from 
193 to 167 (decrease of 26 days) snow covered days. The number of frost days 
may decrease to under 100 in Finland’s south-western archipelago by 2025 and 
elsewhere in southern Finland by 2055 (Peltonen-Sainio et al. 2009). 
 
The amount of precipitation at high latitudes is also expected to increase in 
projections (IPCC 2013) and it is almost certain that precipitation will increase in 
winter, spring and autumn (Ruosteenoja et al. 2010). With high emission 
scenarios, precipitation will increase by 0–16% in northern Europe by 2080, while 
in southern Europe precipitation is predicted to decrease by 4 to 27%. In addition, 
daily temperature and precipitation extremes are expected to become more 
frequent in the future (Klein Tank et al. 2003). Rainless periods are also predicted 
to become longer in the future (Ruosteenoja et al. 2007). 
 
2.3.2 The effect of climate change on agriculture 
 
Crop production in Finland is mainly limited by the short growing season 
(Peltonen-Sainio et al. 2009), although in recent years the growing season has 
already become longer and warmer (Carter 1998, Klein Tank et al. 2002). The 
start of the thermal growth period has been predicted to occur earlier in Finland 
by 2050 compared to the period of 1960–1990, although the change is thought 
to be smaller than in other regions of northern Europe (Höglind et al. 2013). In 
southern Finland (Jokioinen) the predicted change in the average start date of 
the thermal growth period is from 8.5. to 27.4. (11 days) and in northern Finland 
(Rovaniemi) from 26.5. to 16.5. (10 days). The thermal growth period will likely 
be extended by 35 to 55 days by the end of the century depending on which 
emission scenario is used in projections (Ruosteenoja et al. 2010). When the high 
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emission scenario is used, climate-change projections for southernmost Finland, 
including Helsinki, are for a likely increase in the effective temperature sum 
(above 5 °C) from the current (1971–2000) 1200 °Cd to 1600 °Cd by 2040–2069, 
and to almost 2000 °Cd by the end of the century (Ruosteenoja et al. 2010). 
 
The beginning of the hardening period is predicted to take place later in the 
autumn in Finland in 2050 when compared with the long-time average (1960–
1990) (Höglind et al. 2013). In Jokioinen the predicted delay in the beginning of 
hardening period is 16 days (from 15.10. to 31.10.) and in Rovaniemi 9 days (from 
29.9. to 8.10.) (Höglind et al. 2013). The lengths of hardening periods are 
predicted to shorten but, at least in Norway, they will still be long and cold enough 
to induce hardening deep enough for forage grasses to overwinter successfully 
(Thorsen and Höglind 2010b). For comparison, in eastern Canada hardening 
periods are predicted to become four days shorter by 2040–2069, and with less 
accumulation of hardiness-inducing temperatures (decrease in FH-COLD value) 
(Bélanger et al. 2002). 
 
A temperature rise of above 2 °C from the preindustrial average will likely have a 
negative impact on crop production globally (IPCC 2007). In northern European 
conditions elevated temperatures have mostly decreased the yields of field crops 
(Peltonen-Sainio et al. 2011). The elevated temperatures may benefit grass crops 
more than other crop species (Hakala & Mela 1996). 
 
The increased temperature in the winter period due to climate change has been 
thought to lead to better overwintering conditions for southern forage grass 
genotypes (Höglind et al. 2013). In Finland, however, that may not be the case, 
because here the risk of frost damage during winter period is predicted to 
increase for both timothy and perennial ryegrass (Höglind et al. 2013). In addition, 
winter damage to forage grasses due to other modelled abiotic stress factors 
have been predicted to rise in southern Finland, but in most areas in northern 
Europe the risk of winter damage is not predicted to change (Höglind et al. 2013). 
In most regions damage is mainly prevented because in the future temperatures 
will not go as low as in the past, although the minimum freezing tolerance stays 
higher than before (Höglind et al. 2013). In eastern Canada the decrease in snow 
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cover in the future has been predicted to result in increased winter damage of 
forage grasses due to dehardening, ice encasement and exposure to freezing 
temperatures (Bélanger et al. 2002).   
 
The predicted increase in the amount of precipitation in the autumn (Jylhä et al. 
2004) may prevent the benefits of the extended harvesting time due to the 
extended growth period (Peltonen-Sainio et al. 2009). Even so, the wider use of 
overwintering cereals, especially winter wheat and probably also winter barley 
and winter oat, may become appropriate due to their higher yield potential and 
their ability to avoid summer and spring droughts because of their more 
developed root system (Peltonen-Sainio et al. 2009). The increased production 
risks and uncertainty, due to weather extremes, more varying growing conditions 
and outbreaks of pests and diseases, may have a negative effect on the interest 
of farmers to grow more sensitive plants in higher latitudes (Peltonen-Sainio et 
al. 2009). 
 
2.4 Overwintering models for forage grasses 
 
Modelling the damage to forage grasses during winter can be done by using 
factors and agroclimatic indices that describe the dynamics of winter damage and 
growth during autumn, winter and spring. Overwintering models have not been 
used for extensive assessment of how forage grasses react to changed 
overwintering conditions in the future in Finland. 
 
Recently in Norway, Höglind et al (2010) developed and validated an 
overwintering model of timothy for Norwegian conditions that had originally been 
developed for eastern Canadian conditions by Bélanger et al. (2002).  
  
The model by Bélanger et al. (2002) included the following indices: FH-COLD, 
FH-RAIN, W-THAW, W-RAIN and W-COLD (table 2). FH-COLD is a net 
accumulation of hardening inducing cold degree-days (between 0–5 °C) during 
the hardening period before the occurrence of potentially damaging freezing 
temperatures. The selected temperature in the FH-COLD index is based on the 
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assumption that the transition between growth and hardening processes 
accelerate at 5°C in forage grasses. FH-RAIN and W-RAIN indices describe the 
daily amount of precipitation during the hardening period and winter period, 
respectively. W-THAW describes the amount of thawing conditions during the 
winter period by calculating the accumulation of degree days using 0°C as a base 
temperature. W-COLD is an index that describes a plant’s exposure to freezing 
temperatures by calculating the difference between the number of days with snow 
cover (≥10 cm) and the length of the cold period when temperatures ≤-15 °C. 
 
Thorsen and Höglind (2010b) adapted the agroclimatic indices of Bélanger’s 
model for Norwegian conditions. The FH-RAIN index was excluded from the 
model due to inconsistent results on the effect of rainfall on hardening in Norway. 
Instead, they used the following new indices: AF (autumn frost), WF (winter frost), 
ID (ice damage) and SF (spring frost). Frost indices (AF and WF) are used to 
estimate the number of days with lethal temperatures during the hardening and 
winter periods based on the frost-tolerance model developed by Thorsen and 
Höglind 2010a. The frost-tolerance model estimates the number of days when 
the simulated LT50 value exceeds the daily minimum air temperature (Thorsen et 
al. 2010). Ice damage index describes the formation of ice encasements on the 
field surface based on the SnowFrostIce model (Thorsen and Höglind 2010a). 
Spring frost (SF) is an index which describes the occurrences freezing 
temperatures after the start of the thermal growth period which can kill the 
dehardened plants (Gay et al. 1991). 
 
Thorsen and Höglind (2010b) compared four different frost tolerance (LT50) 
models for timothy by comparing the outcomes of simulations and observation 
data from Norway. The snow cover, soil frost and soil surface temperature were 
simulated in all cases by the SnowFrostIce model (Thorsen and Höglind 2010a). 
The four compared models were a process based model LINGRA for timothy, 
FROSTOL model for wheat (Bergjord et al. 2008) and two simplified versions of 
the FROSTOL model. They concluded that a simplified model of FROSTOL was 
the most suitable for modelling the hardening and dehardening processes of 
timothy in the future. This model may need a calibration, however, when used 
with different timothy cultivars due to the genotypic differences in the winter 
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hardiness of the cultivars. The simplified FROSTOL model has recently also been 
adapted and used to assess uncertainties in impact of climate change on forage 
grass production in northern Europe, including Finland (Höglind et al. 2013). 
Simulations were carried out for three locations in Finland: Rovaniemi, Kuopio 
and Jokioinen. 
 
The models have not been used to assess the hardening and dehardening 
processes and the extent of winter damages for the coastal region of Finland, 
including Helsinki. In addition, no calibration data for the hardening processes of 
forage grasses exist for that region.  
 
3 Aims  
 
The aim of this study was to examine the development of overwintering 
processes of forage grasses in the field during the four winters between 2009 and 
2013 in Viikki (Helsinki, Finland). Data on freezing tolerance and vernalisation 
were compared between selected species to describe their differences in 
response to varying hardening and overwintering conditions. In addition, 
hardening and vernalisation processes were compared with the describing 
factors of the autumn and winter conditions (Table 5). The data for forage grasses 
were also assessed against the data collected on winter cereals, for which there 
are more reports of studies in the literature than there are for forage grasses. 
 
The following hypotheses were used to assess the differences in the performance 
of different forage grass species and cultivars: 
1. The freezing tolerance (LT50 value) of plants is affected by the genetic 
background of the plant, i.e. the freezing tolerance differs between the species 
within winters. 
2. The development of freezing tolerance (LT50 value) is affected by the 
temperature during the hardening period. 
3. The hardening period has an effect on the timing of vernalisation processes, 
i.e. vernalisation occurs at different times between the years. 
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4. The genetic background of the plant has an effect on the timing of vernalisation 
fulfilment. 
 
4 Materials and methods 
 
4.1 Weather data 
 
Weather data for the study period of 2009–2013 were received from The Finnish 
Meteorological Institute (FMI). The weather station (ID0339, WMO02998, 
60,20N, 24,96E) was located in Kumpula (Helsinki, Finland) approximately 4 km 
from the field trials of Viikki and at an elevation of 24 m above sea level. The data 
included daily mean and daily lowest temperature, daily precipitation and snow 
depth. Each year was divided into growth, hardening and winter periods. Different 
describing factors of weather and growth conditions for these periods were 
calculated (Table 2) according to methods proposed by Bélanger et al. (2002) 
and Thorsen and Höglind (2010b). These factors were compared with the timing 
of vernalisation and hardening processes. Winter periods were calculated 
according to Bélanger et al. (2002) because calculations of winter period 
according to Thorsen and Höglind (2010b) would have required the simulation of 
LT50 value for the determination of the start of the winter period. Precipitation data 
for the beginning of the winter period in winter 2009–2010 were not available so 
the mean daily precipitation was calculated using only the available data from the 
end of the winter period. W-THAW index was not calculated because soil 
temperature data for the winters were not available. The soil temperature for 
winter 2011–2012 was recorded from the winter cereal field trial using a Decagon 
Em50 data logger with five temperature sensors at a depth of ~2 cm. 
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Table 2. Calculations of variables and indices for autumn, winter and spring. 
Abbreviations: HP (hardening period), GP (growth period), WP (winter period). 
Calculations were done using daily mean air temperatures. (Bélanger et al. 2002, 
Thorsen and Höglind 2010b) 
 
Variables and 
indices 
Equations Descriptions 
 
A (HP) 
  
Number of days between G1 (HP 
start) and G2 (HP end) 
 
 
B (DD5 ) ∑ 𝐷𝐷5𝑖
𝐺2
𝑖=𝐺1
 
, where DD5 is degree days using 5 °C as 
base temperature. 
 
DD5 sums during hardening period 
C (CDD5) 
∑ 𝐶𝐷𝐷5𝑖
𝐺2
𝑖=𝐺1
 
, where CDD5 is degree days of days when 
0<T<5 °C 
 
CDD5 sums during hardening 
period 
D (FH-COLD) 
∑ 𝐶𝐷𝐷5𝑖
𝐺2
𝑖=𝐺1
− ∑ 𝐷𝐷5
𝐺2
𝑖=𝐺1
𝑖 
Net accumulation of CDD5 during 
hardening period 
D2 (W-RAIN) ∑ 𝐷𝑎𝑖𝑙𝑦 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚)𝐹2𝑖=𝐹1
𝐻
 
 
E1 (GP start)  Last day of first five day period 
when daily mean air temperature 
≥5 °C 
E2 (GP end) G1-1 Date prior to G1 (HP start) 
F1 (WP start)  Date of first occurrence of 
minimum air temperature ≤ -15 °C 
F2 (WP end)  Date of last occurrence of minimum 
air temperature ≤ -15 °C 
G1 (HP start)  Date following last day when C 
(CDD5 sum) = 0 
G2 (HPend)  Date of first occurrence of daily 
minimum air temperature < -10 °C 
 
H  Number of days between WP start 
and WP end 
 
4.2 Experiments 
 
The data sets were collected during the four winters between years 2009 and 
2013. Data were collected from two consecutive field trials conducted in Viikki 
(Helsinki, Finland) in fields of the University of Helsinki’s research farm. All field 
trials were carried out as a randomized block design with 4 blocks and one plot 
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per cultivar. Plants for all field trials included cultivars or breeding lines 
representing different origins, i.e. southern and northern genotypes. The first field 
trial for winters 2009–2010 and 2010–2011 included 8 timothy cultivars (Table 3). 
The first field trial was sown in Viikki (60,13N 25,01E at an elevation of 13 m) with 
barley (Hordeum vulgare L.) as a cover crop on 22.5.2009. Details of the 
establishment and management of the first field trial are available in Luhtanen’s 
Master’s thesis (2011). The second field trial was established in Viikki on 
30.6.2011 without the cover crop. Species included in the second field trial were 
timothy, meadow fescue and perennial ryegrass (Table 3). The plots were 
fertilized at establishment with approximately 20 kg N/ha. No additional 
management was carried out during the summer or autumn of 2011. In 2012 the 
canopy was cut on 12.6.2012 and fertilized on 20.6.2012 with 90 kg N/ha 
(Suomensalpietari N-P-K-S 27-0-1-4). The second cut was not done in summer 
2012 due to high amount of precipitation, but in the autumn the grass was cut to 
a residual sward height of 10 cm on 12.10.2012. 
 
For comparison, samples were collected from winter cereal field trials during the 
winters 2011–2012 and 2012–2013. These field trials were also located in Viikki 
(Helsinki, Finland) (60,13N 25,02E at an elevation of 12 m) and they included two 
winter wheat cultivars (Olivin, Magnifik) and two winter rye cultivars (Kier, Riihi). 
In the first year the winter rye was sown on 19.8.2011 and winter wheat on 
7.9.2011 with 500 seeds/m2. The field was fertilized with 20 kg N/ha (ChemAgro 
N-P-K 16-7-13). The field trial for the second winter was sown on 31.8.2012 with 
500 seeds/m2 and fertilized with 30 kg N/ha using Cemagro (N-P-K 28-3-5). 
  
25 
 
Table 3. Forage grass species and cultivars or breeding lines used in the field 
experiments during 2009–2013. Measurements and observations conducted 
during each winter period are shown. 
 
Winter Species and cultivars (cv.)/breeding lines (b.l.) 
 
Measurements and 
observations 
 
2009–2010 
 
Timothy (Phleum pratense L.)  
cv. Tuure 
cv. Iki 
cv. Tammisto II 
b.l. Bor01025 
cv. Grindstad 
cv. Jonatan 
cv. Tika 
cv. Tia 
 
 
HD 
Viability/LT50 
2010–2011 Timothy (Phleum pratense L.) 
cv. Tuure 
cv. Iki 
cv. Tammisto II  
b.l. Bor01025 
cv. Grindstad 
cv. Jonatan 
cv. Tia 
cv. Tika 
 
FLN (only  timothy) 
HD 
Viability/LT50 
2011–2012 
& 
2012–2013 
Timothy (Phleum pratense L.) 
cv. Tuure 
cv. Grindstad 
b.l. Bor0307 
b.l. Bor0113 
b.l. Bor01025 
b.l. Bor88060 
 
Meadow fescue (Festuca pratensis) 
cv. Ilmari 
b.l. Bor20613 
b.l. Bor20614 
 
Perennial ryegrass (Lolium perenne L.) 
cv. Riikka 
 
Winter wheat (Triticum aestivum L.) 
cv. Magnifik 
cv. Olivin 
 
Winter rye (Secale cereale L.) 
cv. Riihi 
cv. Kier 
 
FLN* 
HD 
Viability/LT50 
 
 
 
 
*Final leaf number of winter cereals was observed only during the winter 2012–
2013. 
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4.3 Sampling, sample preparations and observations 
  
Plants were collected from the field trials once a month during the winter to test 
their freezing tolerance, heading dates (HD) and final leaf number (FLN) in a 
greenhouse (Table 4). In winter 2009–2010 samples were collected in November, 
December, January, April and May. Samplings in February and March were not 
done due to the snow cover being too deep. In winter 2010–2011 sampling was 
performed once a month from October to May. During the winters 2011–2012 
and 2012–2013 forage grass samples were collected from October to March. 
Cereals were sampled during winter 2011–2012 from November to April and 
during winter 2012–2013 from November to March. 
 
Table 4. Sampling dates. F = forage grasses and C = cereals. 
Winter  October November December January February March April May 
2009 F - 21.11. 16.12. 25.1. - - 26.4. 24.5. 
2010 F 27.10. 23.11. 27.12. 24.1. 21.2. 21.3. 18.4. 23.5. 
2011 F 24.10. 20.11. 20.12. 31.1. 28.2. - 3.4. - 
 C - 28.11. - 3.1. 6.2. 5.3. - - 
2012 F 31.10. - 3.12., 
31.12. 
29.1. 25.2. 25.3. - - 
 C - 5.11. 10.12. 9.1. 7.2. 6.3. - - 
 
 
Only one plot per cultivar was used throughout the winter to collect field samples. 
This procedure was for practical reasons. If snow was present it was removed 
with a shovel and after sampling the pit was covered with snow again. The 
sampling area was approximately 1 m2 and samples were dug out either with a 
shovel or a pickaxe depending on how frozen the soil was at that time. Samples 
were collected as ~10 cm blocks from the row with surrounding soil material to 
prevent roots from breaking. Three to six blocks were collected depending on the 
row’s tiller density. Samples were immediately transferred to an unlit cold room 
at 4 °C for thawing (one day). 
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After thawing, the plants were washed clean from soil with cold water and the 
main tillers were separated. The roots of tillers were cut to a length of ~3 cm and 
leaves to ~5 cm before putting them into test tubes as bundles of four tillers. In 
winter 2012–2013 a small piece of damp paper towel was put to the bottom of 
the test tubes to ensure uniform freezing. Washing and separation of the tillers 
was performed at room temperature and thus, the plants were exposed to room 
temperature for three to seven hours depending on the amount of samples. 
Afterwards, the test tubes were immediately transferred to a cooling bath (LAUDA 
Proline RP3530) (0 °C) for 14–18 hours and the control plants in similar tubes to 
an unlit refrigerator (4°C). The next day the cooling bath was programmed to 
lower the temperature by 2.5°C per hour from 0 to -17.5°C, after which the 
temperature was lowered by 5.0°C per hour to the lowest test temperature; this 
varied between months from -20.0 to -27.5°C. This was not thought to result in 
different LT50 values than slower freezing, based on Höglind et al. 2010. The 
cultivar test tubes were taken out of the cooling bath at 2.5°C intervals to a 
refrigerator (4°C). The plants were kept in the refrigerator covered with aluminium 
foil until transplanting to the greenhouse on the following day. 
 
Plants were transplanted to growth peat (Kekkilä White 420W B2) in growing 
trays. Four control plants (tillers) per cultivar were planted into similar growing 
trays. Control plants kept at 4 °C were divided by planting timothy cultivars in one 
growing tray and other forage grasses and cereals in their own growing trays. 
The growing conditions in the greenhouse were 19/15 °C (day/night) at 16 h day 
length. During the winters the plants were irrigated by hand and fertilised (Kekkilä 
Watering Fertiliser N-P-K 17-4-25) weekly.  
 
Plants were grown in the greenhouse for two weeks before the first viability 
observations. Thereafter, viability was observed once a week until no observable 
change in viability was noticed. For most plants this was 5–8 weeks after the first 
viability observations. Viability observations were done visually on a scale from 
one to five (1 dead; 5 fully viable). The time from planting to flowering (HD) was 
observed one to two times a week from control plants. The plants were 
considered to flower when at least one of the four control plants had produced a 
visible flower head. Experiments were terminated when no new flower heads 
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were observed to emerge. FLN of the main tiller was calculated at the end of 
experiment from the four control plants. The observations done from forage 
grasses and cereals were different between years (Table 3). 
 
4.4 Freezing tolerance 
 
The freezing tolerance of species was calculated as an LT50-value (temperature 
which killed 50% of tillers) for the tested temperature series. Calculations were 
carried out using the values of the second observation when plants had been 
growing in the greenhouse for approximately three weeks and survival could be 
clearly evaluated. LT50 value for a cultivar was determined as the first temperature 
where 50% of the plants were dead and after which over 50% survival was not 
observed. Only three plants per temperature per cultivar were used for the 
freezing tolerance observations during winter 2009–2010 and for the 
observations in March in 2010–2011. In addition, viabilities of cultivars were 
pooled and the LT50 values of species were determined from that pooled data, 
which was done due to the lack of replicates within cultivars to calculate LT50-
values with reasonable reliability. Therefore, LT50-values of cultivars are 
presented only in appendices (1–4). 
 
5 Results 
 
5.1 Weather and cold acclimation conditions during winters 
 
5.1.1 Temperature, snow cover and precipitation 
 
The lowest measured air temperatures varied between -22.8 and -26.1 °C in the 
four studied winters (Table 5). The number of freezing days when the ground was 
snow free was lowest in 2010–2011 and highest in 2009–2010. The end dates of 
the thermic growth periods were 28. September, 11. October, 8. November and 
21. October between 2009–2013, respectively. 
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The duration of permanent snow cover varied between 88 and 147 days. In 2010–
2011 permanent snow cover fell earlier than in the other studied years (Figure 1). 
The variation in the duration of the snow cover was mainly dependent on the date 
when the period of permanent snow cover started, not on the date of melting 
(Table 5.). In 2011–2012 the first snow cover fell three weeks later than in the 
second-latest year 2009–2010. On average the duration of the snow cover in 
Helsinki (1981–2010) lasts for 98 days (FMI 2012b). The insulating effect of a 
snow cover is substantial. In 2011–2012 daily mean topsoil temperature stayed 
at 0 °C (± 0.6 °C) during the whole snow covered period. Before and after the 
snow cover the top soil temperature fluctuated together with the ambient air 
temperature. 
 
The precipitation sums for periods between the beginning of August and the end 
of November were 227 mm (2009), 163 mm (2010), 201 mm (2011) and 342 mm 
(2012). The precipitation sum in Kaisaniemi (Helsinki, Finland) in September 
2012 was 160 mm which was the highest in the measured history and very high 
compared to the long-time average of 56 mm (1981–2010) (FMI 2012a). 
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Table 5. Describing factors for hardening conditions. 
 
 2009–
2010 
2010–
2011 
2011–
2012 
2012–
2013 
Autumn and early winter     
Length of hardening period (5 °C 
as base temperature) 
 
73 44 106 50 
Beginning date of hardening 
period (5 °C as base 
temperature) 
 
1.10.2009 12.10.2010 14.10.2011 12.10.2012 
End date of hardening period* 13.12.2009 25.11.2010 28.1.2012 1.12.2012 
     
CDD5 sum during hardening 
period (5 °C as base 
temperature) 
 
103 59 141 60 
FH-COLD (net CDD5 
accumulation) 
70 36 58 15 
     
Precipitation sum during 
hardening period (mm) 
 
127 99 285 76 
Winter     
Winter period (days) 71 88 11 100 
     
Number of freezing days 129 142 99 142 
     
Number of freezing days during 
snow free period days** 
 
38 15 22 16 
Duration of permanent snow 
cover (days) 
111 147 88 139 
     
Minimum temperature (daily 
mean) 
-18.7 -19.8 -19.2 -17.4 
     
Minimum temperature (daily 
lowest) 
-22.8 -24.0 -26.1 -23.3 
     
W-RAIN (mean daily 
precipitation during WP) (mm) 
 
1.2 2.1 1.3 1.9 
Spring     
Spring frosts after the start of 
thermal growth period*** 
7 0 0 1 
     
*Date of the first occurrence of <-10 °C daily minimum air temperature 
** Calculated using daily lowest temperature and ground was considered snow 
free, when there was less than 5 cm of snow 
*** After start of growing period (last day of first 5 day spell when daily mean air 
T > 5°C)
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Figure 1. Daily mean air temperatures (black line) and snow depths (grey line) 
during study period 2009-2013. Daily mean top soil temperature (at the depth of 
2 cm) is also presented for 2011–2012 (green line).  
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5.1.2 Hardening, winter and growth periods 
 
The hardening period in 2011–2012 was the longest of the study period (Table 
5.). It was over twice as long as the hardening period of winters 2010–2011 and 
2012–2013. In 2011–2012 the cold degree day sum with 5°C as base 
temperature (CDD5 sum) was over twice as much as in 2010–2011 and 2012–
2013. The winter period of winter 2011–2012 was substantially shorter than the 
winter periods of the other studied years. W-RAIN index was highest in 2010–
2011 and lowest in 2009–2010. 
 
In 2011 the CDD5 sum of the hardening period started to accumulate over a 
month later than in the other studied years (Figure 2). However, CDD5 
accumulated quickly in 2011: CDD5 sum reached the level of years 2010 and 
2012 in the beginning of December and at the end of the hardening period it 
ended as the highest. In 2009 the CDD5 sum accumulated earlier than in the 
other studied years and at the end of hardening period it reached the second 
highest amount after 2011. The hardening periods of 2010 and 2012 were quite 
similar in respect to CDD5 sum accumulation. Negative FH-COLD index 
describes the net accumulation of cold degree days during the hardening period. 
In 2011 the FH-COLD index remained negative until mid-December, while in 
2009 and 2010 FH-COLD remained positive for the whole hardening period 
(Figure 3). In 2012 FH-COLD at the beginning of hardening period remained 
negative for the first two weeks but was positive at the beginning of November. 
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Figure 2. Development of CDD5 sums during hardening periods between years 
2009-2013. 
 
 
 
Figure 3. Development of FH-COLD indices during hardening periods between 
years 2009–2013. 
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5.2 Overwintering 
 
5.2.1 Freezing tolerance 
 
Timothy 
 
Data for timothy were available for all four winters. In years 2009 and 2011 the 
minimum LT50 was measured in December-January, whereas in 2010 and 2012 
the plants did not develop deeper freezing tolerance and a decrease in freezing 
tolerance was not observed (Figures 4–7). The minimum LT50 value at the 
beginning of the sampling period suggests that hardening happened before the 
first samples were taken from the field. The minimum freezing tolerances of 
different species varied significantly between the years. Timothy developed a 
minimum freezing tolerance of -12.5 and -15.0°C during the winters 2010–2011 
and 2012–2013, whereas a minimum freezing tolerance in 2009–2010 and in 
2011–2012 reached -22.5°C (Figure 6). 
 
The highest LT50 values (lowest freezing tolerances) were -10.0°C during the first 
two winters and in 2010–2011 it was already reached at the third sampling date, 
76 days after the start of the hardening period (Figure 6.). During winter 2011–
2012, after reaching LT50 minimum, timothy dehardened linearly towards the last 
sampling in the beginning of April.  
 
Meadow fescue and perennial ryegrass 
 
LT50 data for meadow fescue were available for winters 2011–2012 and 2012–
2013. In 2011 freezing tolerance decreased until the third sampling date and LT50 
minimum (-17.5°C) was reached in mid-December (Figure 6). In 2012 the LT50 
minimum (-12.5°C) was already reached at the first sampling date at the end of 
October (Figure 7). 
 
Data for perennial ryegrass were available for the winters 2011–2012 and 2012–
2013 and only for one cultivar. In 2011–2012 the LT50 value decreased in 
perennial ryegrass after the first sampling in October and reached its minimum (-
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17.5°C) at the second sampling in the end of November (Appendix 3). 
Dehardening began after the end of December. In 2012 the lowest LT50 value  
(-15°C) in perennial ryegrass was reached by the first sampling date at the end 
of October. 
 
Winter cereals 
 
Data for winter cereals were available for winters 2011–2012 and 2012–2013. In 
2011 winter rye hardened before winter wheat and also had better freezing 
tolerance (lower LT50 value) at the first sampling (Figure 6). In 2011 rye was sown 
almost three weeks earlier than wheat, which may have had an effect on the 
differences in hardening. In 2011–2012 rye reached LT50 minimum at the first 
sampling (-17.5°C) and wheat at the second sampling (-17.5°C). However, 
onwards from the second sampling, wheat had better freezing tolerance than rye 
until the beginning of March. In 2012 winter rye and winter wheat reached LT50 
minimum (-20 and -10 °C, respectively) already at the first sampling date in the 
beginning of December. Thus, the decrease of LT50 was observed only in the 
winter cereal data for 2011–2012. Winter cereals were killed towards the end of 
winter 2012–2013 and they had suffered extensive winter damage when the field 
was observed in the spring. In March 2013 the winter rye cultivar Riihi was the 
only winter cereal cultivar that had any surviving tillers at the highest 
temperatures in the freezing test. 
 
Comparison of species 
 
During the two winters (2011–2013) when freezing tolerance data for multiple 
species were available, timothy maintained its freezing tolerance best throughout 
the winter and developed better maximum freezing tolerance than meadow 
fescue and perennial ryegrass. During winter 2011–2012 meadow fescue 
reached its LT50 minimum a month later than timothy. In 2012–2013, when deeper 
freezing tolerance was not reached, the forage grass species dehardened 
approximately at the same rate, although timothy had better freezing tolerance 
throughout the winter than meadow fescue and perennial ryegrass. In 2012 winter 
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rye had developed deeper freezing tolerance earlier than other species but 
dehardened rapidly after that. 
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Figure 4. Freezing tolerance (LT50) of timothy plants during winter 2009–2010. 
Number of plants used for calculation of LT50 for each temperature: timothy 
n=24. Start of the hardening period 1.10.2009. 
 
 
 
Figure 5. Freezing tolerance (LT50) of timothy plants during winter 2010–2011. 
Number of plants used for calculation of LT50 for each temperature: timothy 
n=28. Start of the hardening period 12.10.2010. 
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Figure 6. Freezing tolerance (LT50) of timothy, meadow fescue, rye and wheat in 
2011–2012. Number of plants used for calculation of LT50 for each temperature: 
timothy n=24, meadow fescue n=12, wheat n=8, rye n=8. Start of the hardening 
period 14.10.2011. 
 
 
 
Figure 7. Freezing tolerance (LT50) of timothy, meadow fescue, rye and wheat in 
2012–2013. Number of plants used for calculation of LT50 for each temperature: 
timothy n=24, meadow fescue n=12, wheat n=8, rye n=8. Start of the hardening 
period 12.10.2012. 
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5.2.2 Heading date and final leaf number 
 
The number of days between planting and flowering (HD) decreased in all studied 
species as the winter proceeded (Figures 8–11). Vernalisation fulfilment, 
measured as levelling off of the decrease in HD, occurred in all forage grass 
species between November and January. 
 
Timothy 
 
Differences in HD and FLN between the cultivars were largest during winter 
2010–2011 (Figures 8 and 11), when the plants included were genetically the 
most diverse (Table 3). During winters 2011–2012 and 2012–2013 the HD curve 
levelled off during November and December, but in 2010–2011 the HD had large 
variation still at the end of January. In 2011–2012 all cultivars except Tuure 
started to flower at the first sampling in the end of October.  
 
In timothy, the average FLNs differed within and between the years (Figure 11). 
The average FLN of sampling dates varied between five and ten leaves. In 2011 
FLN was at its highest in the end of December and then dropped and levelled off 
during January. In timothy the FLN did not clearly reflect the development of 
vernalisation and HD, although a decrease in FLN was observed in 2012 at the 
same time as HD decreased between the second and third sampling dates. 
 
Meadow fescue and perennial ryegrass 
 
The vernalisation requirements, measured as decrease and levelling off of HD 
curve, in perennial ryegrass and meadow fescue were fulfilled before January 
during both of the studied winters 2011–2012 and 2012–2013 (Figure 9). The 
average FLNs of meadow fescue and perennial ryegrass varied from 3 to 5 and 
4 to 6 leaves, respectively. In 2012 FLN did not correlate with HD. In 2011–2012 
FLN values of meadow fescue decreased when HD also decreased between the 
second and third sampling dates (Figure 12), but in 2012–2013 no correlation 
between HD and FLN was observed, although HD decreased in all cultivars. A 
decrease in FLN was observed in perennial ryegrass during winter 2011–2012 
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but during winter 2012–2013 FLN increased after January. No correlation 
between the timing of decrease in FLN and HD was observed in perennial 
ryegrass. 
 
Winter cereals 
 
During winter 2011–2012, the samples collected at the first sampling in the end 
of November flowered, and the flowering time curve was thereafter levelled off 
(Figure 10). In 2012–2013 winter cereals had severe winter damage already in 
January and, therefore, data were available only for winter rye for February and 
only for one winter rye cultivar in March. Winter rye vernalised faster in 2012–
2013 than winter wheat. FLN did not decrease significantly in winter cereals in 
2012–2013 and it did not correlate with HD. 
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Figure 8. Progress of vernalisation measured as decrease in HD (heading date) 
during winter in timothy.  Arrow indicates the point of vernalisation saturation. HD 
was measured from the first flowering control plant. NF = no flowering. 
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Figure 9.  
Progress of vernalisation measured as decrease in HD (heading date) during 
winter in meadow fescue (mf) and perennial ryegrass (prg). Arrow indicates the 
point of vernalisation saturation. HD was measured from the first flowering control 
plant. NF = no flowering. 
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Figure 10.  
Progress of vernalisation measured as decrease in HD (heading date) during 
winter in winter wheat (ww) and rye (wr). Arrow indicates the point of vernalisation 
saturation in rye (dashed arrow) and wheat (solid arrow). Fulfilment of 
vernalisation could not be determined for winter 2011–2012. HD was measured 
from the first flowering control plant. NF = no flowering. 
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Figure 11.  Development of FLN (final leaf number of main stem) during winter in 
timothy. FLN calculated as an average of living control plants, n=1–4. Vertical 
lines represent standard deviation. 
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Figure 12. Development of FLN (final leaf number of main stem) during winter in 
meadow fescue (mf), perennial ryegrass (prg), winter wheat (ww) and winter rye 
(wr). FLN calculated as an average of living control plants, n=1–4. Vertical lines 
represent standard deviation. 
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6 Discussion 
 
6.1 Freezing tolerance 
 
The timing of cold acclimation and depth of freezing tolerance differed between 
species and differences in the minimum LT50 values (maximum freezing 
tolerances) were large between years within species. The freezing tolerances 
recorded in this study were mostly in similar ranges as those recorded in other 
studies. For example in Holt (Norway) the LT50 values reported for timothy have 
been -26.0 °C in 2005–2006 and 2006–2007 and in Særheim (Norway) -19.9 °C 
and -17.6 °C in 2005–2006 and 2006–2007, respectively (Höglind et al. 2008, 
Jørgensen et al. 2010). The LT50 values for timothy did not differ much of those 
previously measured by Isolahti et al. (2004) (between -13.8 °C and -21.8 °C), 
although the plants in that experiment were hardened in controlled conditions. A 
larger difference was observed for LT50 values measured in Viikki during winter 
1993–1994, when LT50-values were observed to be -9.9 °C for cultivar Bilbo and 
-12.2 °C for cultivar Iki (Kananen 1996). Nevertheless, it has to be kept in mind 
that LT50 values measured in this study may not be fully comparable to the LT50 
values of other experiments due to the differences in cold treatments and different 
handling of plants prior to freezing experiments. 
 
The differences in freezing tolerances between species were mostly as expected. 
Timothy had the lowest freezing tolerances of forage grasses and it maintained 
its freezing tolerance longer than other species. The maintenance of lower LT50 
in timothy towards the spring seemed to be a result of lower minimum freezing 
tolerance as the rate of dehardening did not vary much between species. 
Perennial ryegrass has been observed to lose its freezing tolerance earlier than 
timothy in other studies also, due to its lower initial frost tolerance (Jørgensen et 
al. 2010). In addition, the dehardening has been observed to be most rapid during 
the initial days when plants are exposed to dehardening conditions (Gay & Eagles 
1991, Jørgensen et al. 2010). The relative dehardening rates of frost-tolerant 
cultivars have been reported to be lower or similar to those of less freezing-
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tolerant cultivars (Jørgensen et al. 2010). Forage grasses respond dynamically 
to ambient temperature and, for example, perennial ryegrass can lose its freezing 
tolerance almost completely within 9 days of exposure to dehardening conditions 
(Jørgensen et al. 2010). In this study, the amount of precipitation during the 
autumn did not seem have a substantial effect on the development of freezing 
tolerance, since low freezing tolerances were measured both after a dry and a 
wet autumn. 
 
In conclusion, all forage grass species hardened well enough during all winters 
to withstand the winter stresses and no severe winter damage was observed 
during the winters in the studied species. This was despite the deeper freezing 
tolerance having developed in the forage grasses during only two winters. Thus, 
the snow cover probably protected plants from winter damages during the two 
winters when the freezing tolerances were lower. Winter cereals experienced 
severe winter damage during the last winter (2012–2013) and in the autumn 
before the damage the plants were also exposed to higher than normal amounts 
of precipitation (FMI 2012a). Jørgensen et al. (2010) discussed that in timothy a 
high level of frost tolerance could prevent dehardening during the winter due to a 
longer time that is required for plant to lose its freezing tolerance. In this study, 
winter rye lost its freezing tolerance quickly, even though it had the best initial 
freezing tolerance in 2012–2013. 
 
6.2 Vernalisation 
 
Meadow fescue, perennial ryegrass and winter cereals require vernalisation 
before flowering initiates (Chouard 1960, Heide 1994, Fowler et al. 1999). The 
HD of meadow fescue and perennial ryegrass decreased as predicted during 
both winters when they were studied (2011–2012 and 2012–2013). In winter 
cereals HD decreased as predicted in 2012, but in 2011 the decrease was not 
observed, probably because vernalisation could have happened before the first 
sampling. The HD in timothy also decreased during all three observed winters 
(2010–2013) as was expected from earlier studies by Seppänen et al. 2010. The 
FLN varied between sampling dates and no clear relationship between FLN and 
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HD was observed. Thus, in this study FLN could not be used as an estimate for 
the development of vernalisation during the vernalisation period. Even winter 
wheat and winter rye did not show a significant correlation between FLN and HD, 
although it was expected based on studies by Fowler et al. 1996 and Mahfoozi et 
al. 2001. In studies with winter wheat FLN has decreased and levelled off after 
approximately 35 days of acclimation in 4 °C (Mahfoozi et al. 2001). 
 
The fulfilment of vernalisation requirement occurred in December and January in 
all forage grass species during each of the years. Thus, the longer hardening 
periods did not seem to have an effect on the timing of vernalisation fulfilment. 
Fowler et al. (1996) have reported that vernalised plants are more prone to 
dehardening than non-vernalised plants. In our study no differences were 
detected in the dehardening of forage grasses after differing winters. However, in 
2012–2013 winter rye had a good freezing tolerance prior to the winter damage 
and quick dehardening in December. 
 
6.3 Comparison of freezing tolerance to conditions during hardening and 
overwintering  
 
Annual variation exists in the duration of snow covered periods and number of 
freezing days. During the studied period between 2009 and 2013, the shortest 
snow covered period was 88 days during winter 2011–2012, which is still more 
than 46 days of snow cover predicted for 2050 for southern Finland (Höglind et 
al. 2013). The number of freezing days was already lower in 2011–2012 (99 days) 
than that predicted for southern Finland by 2055 (100 days) (Peltonen-Sainio et 
al. 2009). The lowest winter temperatures always occurred when thick snow 
cover was present, and thus plants were not exposed to these potentially the 
most lethal temperatures. The warm period in December 2011 lasted for 30 days, 
which was the longest period between December and February when 
temperature remained above 0 °C since 1961 (FMI 2012a). 
 
The onset of cold acclimation was not observed during the data collection periods 
due to the first samplings being taken too late, at the end of October or during 
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November. However, the development of deeper freezing tolerance in all species 
was detected during the winters with long hardening periods. 
 
Warm temperatures which led to negative FH-COLD indices at the beginning of 
the hardening period in 2011–2012 did not seem to prevent the development of 
a good freezing tolerance in the studied species. The plants developed the 
deepest freezing tolerances during winters 2009–2010 and 2011–2012 when the 
FH-COLD index was the highest and thus, when the highest amount of hardening 
temperatures was present. In addition, the hardening periods were longest and 
the durations of permanent snow covers shortest during the two winters during 
which the best freezing tolerances were achieved. In winters 2009–2010 and 
2011–2012 the number of freezing days when the snow cover was not present 
was the highest, which may also have had an effect on the development of 
freezing tolerance.  
 
During all of the studied winters the first samples were collected after the 
calculated beginning date of the hardening period. Hardening had already been 
taking place for 10–52 days before the first sampling dates during the four 
observed winters, based on the calculated beginning dates of hardening periods. 
This was probably the reason why no decreases were observed in LT50-values 
during winters 2010–2011 and 2012–2013. In studies made with winter wheat, 
LT50 decreased to minimum approximately after 35 days of acclimation in 4 °C 
(Mahfoozi et al. 2001). 
  
7 Conclusions 
 
The development of freezing tolerance, FLN and HD of the studied species were 
compared with different hardening and winter period factors. A correlation 
between long hardening periods (HP) and a good freezing tolerance (LT50) was 
found. During the long hardening periods also the temperature sums of cold 
acclimation inducing temperatures (FH–COLD) accumulated the most. Even the 
most winter-tolerant species timothy did not develop a good freezing tolerance 
during the two short hardening periods. During these two winters the snow cover 
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probably protected plants from winter damage. Species differed in their freezing 
tolerances, timothy having better freezing tolerance during both of the winters 
than meadow fescue, perennial ryegrass and winter cereals. 
 
Overall, a correlation between the timing of vernalisation (decrease in HD) and 
freezing tolerance (LT50) was not found in 2010–2011 and 2012–2013, but the 
development of HD showed some correlation with good hardening in 2011–2012. 
However, the timing of vernalisation fulfilment was only roughly estimated in this 
study and further processing of the data is required to find out more accurately 
the timing of vernalisation saturation points. 
 
The timing of hardening and vernalisation processes were determined during the 
various hardening periods and this information can be used in the planning of 
future research projects. In this study, freezing tolerances showed that the 
hardening processes started already in October and therefore the first sampling 
should be done already in August to get more accurate data of the beginning of 
cold acclimation processes in field conditions. 
  
Overall there is a lack of good data of the development of freezing tolerances in 
field conditions of forage grasses grown in northern countries. Only a small 
number of studies have been conducted to measure the dynamics of hardening 
processes in field conditions with current modern cultivars used in Finland. Even 
fewer studies have been made on cultivars with clearly differing traits that might 
be expected to be relevant in future conditions. Thus, well prepared freezing-
tolerance experiments over multiple years including genotypes of clear southern 
and northern origin would give more information on the genotypic variation in 
these traits within species and reveal the breeding potential in important traits for 
adaptation. 
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Appendix 1. LT50 values of timothy cultivars. Number of plants used for 
calculation of LT50 for each temperature: timothy n=4. In 2009–2010 number of 
plants used for calculation of freezing tolerance for each temperature was three 
and therefore LT33-value (lethal temperature for 33 % of plants) is presented. 
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Appendix 2. LT50 values of cultivars for meadow fescue. Number of plants used 
for calculation of LT50 for each temperature: timothy n=4. 
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Appendix 3. LT50 values of cultivars for perennial ryegrass. Number of plants 
used for calculation of LT50 for each temperature: timothy n=4. 
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Appendix 4. LT50 values of cultivars for winter cereals. Number of plants used 
for calculation of LT50 for each temperature: timothy n=4. 
 
